The cytochemical reaction of Thiery [J. P. Thiery, J. Microsc. (Paris) 6:987-1018] was applied to several Escherichia coli strains having different lipopolysaccharide molecular structures. The granular deposit obtained strongly suggested that part of the R core exposed on the outer membrane was responsible for the staining. As this procedure specifically stains the outer membrane, it was possible to demonstrate that, in E. coli K-12, changes in lipopolysaccharide distribution occurred during autolysis and lysozyme treatment.
The cytochemical reaction of Thiery [J. P. Thiery, J. Microsc. (Paris) 6:987-1018, 1976 ] was applied to several Escherichia coli strains having different lipopolysaccharide molecular structures. The granular deposit obtained strongly suggested that part of the R core exposed on the outer membrane was responsible for the staining. As this procedure specifically stains the outer membrane, it was possible to demonstrate that, in E. coli K-12, changes in lipopolysaccharide distribution occurred during autolysis and lysozyme treatment.
The electron-microscopic cytochemical reaction proposed by Thiery permits the localization of polysaccharides with 1,2-glycol groups (25) . When this staining was applied to Escherichia coli cells, a dense granulated layer all around the cells and some granules in the cytoplasm were observed (1, 20, 24, 25) . As this cytochemical technique does not stain peptidogly'can (1) and as lipopolysaccharide (LPS) is the only polysaccharide in the outer membrane, Dubray (1) and $ilva (24) suggested that this molecule was responsible for the staining by the Thiery procedure. Peptidoglycan could be stained by the Rambourg procedure, which permitted peptidoglycan degradation to be followed during E. coli autolysis (8) .
In the present study, by using the Thiery procedure, we focused our attention only on the cell envelope. The procedure was applied to E. coli strains having different LPS structures. We showed that one part of the R core was mainly responsible for the staining. As this method specificaly stains the outer membrane, it was possible to demonstrate that in E. coli K-12, changes in LPS distribution occurred during autolysis.
MATERIALS AND METHODS
Growth conditions and induction of autolysis. Experiments were carried out w'lth E. coli K-12 HfrH (11), E. coli 0111:B4 (Institut Pasteur Collection, Paris, France), E. coli CE1032 (K-12 F-thi lacY galK mtl xyl ara rpsL supE pro Hpd), and E. coli CE1042 (K-12 F-thi lac Y galK mtl xyl ara rpsL supE pro Pcd Ktr Hpd) (the last two strains were from the Phabagen Collection, Utrecht, The Netherlands) grown in rich medium as previously described (11) . Autolysis was induced as reported earlier (10) either by adding cephaloridine (5 ,ug/ml) or moenomycin (10 Treatment of E. coli K-12 cells with lysozyme. Exponentialphase cells of E. coli K-12 (0.5 x 108 cells per ml) were harvested in the cold, and the pellet was suspended in 0.1 M Tris hydrochloride buffer (pH 7) containing 0.6 M sucrose and egg-white lysozyme (100 pug/ml). After incubation for 20 min at 37°C, the cells were fixed as described above.
Viability counts. The number of viable cells was determined by a standard procedure for counting colonies (in triplicate) on agar plates. Each sample (1 ml) taken from autolyzing cells was homogenized in a 2-ml Potter tissue homogenizer, and 0.1-ml portions of appropriate dilutions with 9%o NaCl were spread on agar plates containing 2.5%o antibiotic medium M3 (Difco Laboratories, Detroit, Mich.). The plates were incubated for 48 h at 37°C before colonies were counted. 
RESULTS
Specificity of Thiery staining. In this work four different E. coli strains were studied, and a relationship was established between Thiery staining and their LPS structures. The smooth E. coli O111:B4 strain possesses LPS molecules with an 0 antigen made of a repetitive sequence of glucose, galactose, and colitose (2) and a polysaccharide of similar structure as the 0 antigen (5, 18). In the rough E. coli K-12 HfrH strain, LPS molecules are composed only of the R core linked to lipid A (20) . In the deep rough E. coli CE1032 and CE1042 strains derived from E. coli K-12, the R core is composed only of 2-keto-3-deoxyoctulosonic acid units linked to lipid A (25) . The LPS structures of these strains are summarized in Fig. 1 . Thiery staining was applied to these four E. coli strains (Fig. 2) . This procedure involves oxidation by PA of 1,2-glycol linkages to yield aldehydes which, upon reaction with TCH, form hydrazones. Subsequent treatment with SP results in the deposition of silver at the sites of 1,2-glycol cleavages (25) . E. coli K-12 HfrH (Fig. 2a) displayed a thin dark granulation all around the cell. The deposit was only-located on the outer face of the outer membrane (Fig. 2b) . With E. coli O111:B4 the granular deposit was similarly located but lighter. When PA oxidation was increased to 45 min, the intensity of the silver deposit became almost similar to that observed with E. coli K-12 HfrH ( Fig. 2c and d) . Ninety minutes of PA oxidation or 48 to 72 h of TCH treatment led to no enhancement of the intensity or thickness of the deposit, despite the higher content of sugars with diols in strain O111:B4. PA oxidation for longer than 90 min damaged cell wall structures. So, a compromise between chemical reactions involved in staining and ultrastructural preservation had to be obtained. In the Thiery procedure, the conditions used for PA oxidation allowed extracyclic diols but not cyclic diols to be cleaved (3). In the LPS molecules of the four strains studied, extracyclic diols were present only in the heptosyl and 2-keto-3-deoxyoctulosonic acid residues of the R core. The O antigen of strain O111:B4 possessed only cyclic diols. Moreover, in this strain the presence of the 0 antigen rendered the R core less accessible to the reagents and could explain the lighter staining obtained.
Unlike E. coli K-12 HfrH and O111:B4, strains CE1032 and CE1042 remained unstained, regardless of the length of PA oxidation or TCH treatment (Fig. 2e) , although the shorter R cores of these strains contained diols that could react with PA. The failure to react suggests that these groups are buried in the outer membrane in such a way that they cannot be reached by the reagents. These results prompted us to conclude that LPS was the macromolecule responsible for Thiery staining and that the part of the R core containing heptose reacted more easily. In whole cells, the cytoplasmic membrane was not stained (19, 25) .
We also observed that the cytoplasm of the bacteria contained stained granules which corresponded to reactive polysaccharides, as already reported by Thiery (25) and Petitprez and Derieux (19) . In strains CE1032 and CE1042, the presence of these granules confirmed that the Thiery procedure was efficient and that the lack of staining in the outer membrane was a result of the absence of accessible reactive groups.
Ultrastructural changes during EDTA-induced autolysis. When E. coli K-12 cells are rapidly suspended in EDTA at room temperature, they autolyze at a high rate (9, 10 lopes were stained, but the silver deposit appeared light and discontinuous and was localized in the outer membrane, either on the external face or on both sides (Fig. 3a) . Five minutes later, about 50% of the cell population was unstained, showing that LPS molecules were removed by EDTA, as previously described by Leive (12) . In the stained bacteria, faint, small silver deposits located on the external and internal sides were discernible from place to place and separated from each other by areas with no staining (Fig.  3b) . Most of the stained cells were empty. Less than 0.5% of the whole population was still viable. No staining of the cytoplasmic membrane was observed. In the medium, vesicles originating from the outer membrane were observed. In all of them the silver deposit was easily discernible and located on both sides (Fig. 3c) .
Ultrastructural changes during antibiotic-induced autolysis. In E. coli, penicillin-binding proteins la and lb appear to be multifunctional enzymes capable of catalyzing both the transglycosylation and the transpeptidation reactions that lead to polymerized peptidoglycan material (21) . The inhibition of these two reactions by cephaloridine or moenomycin promoted a high rate of autolysis in growing cells (10) .
During E. coli K-12 growth, cephaloridine (5 ,ug/ml) or moenomycin (10 1g/ml) was added at a concentration which induced autolysis (10) . After the addition of these antibiotics, samples were taken at different times (5, 15, and 30 min), fixed, and stained by the Thiery procedure. With both antibiotics, staining was similar after 15 to 20 min of antibiotic action. Most cell envelopes were stained. The silver deposit was located on the external face of the outer membrane even in cells which were lysed (Fig. 4a, b, and d) .
After 30 min of treatment, most cells were lysed, and more than 50% of the envelopes were unstained. In the stained population, a faint silver deposit was observed from place to place ( Fig. 4c and e) and on both sides of the outer membrane. A faint staining of the cytoplasmic membrane was also noticed (Fig. 4f ).
Ultrastructural modifications during lysozyme treatment. When E. coli K-12 cells were treated with lysozyme, a complex situation was encountered. In some cells, the deposit was located on the external side of the outer membrane (Fig. 5a) ; in others, it was located on both sides (Fig.  Sb) . Sometimes both types of distribution were found together in the same cells. No deposit was seen in the cytoplasmic membrane.
Other polysaccharide cytochemical reactions. E. coli K-12 cells were treated with other cytochemical agents, such as lectins or ruthenium red (23) , which can reveal outer membrane polysaccharides. However, these reagents only reacted with polysaccharides located on the cell surface and did not penetrate the outer membrane. So, they were not useful in investigating the possible reorganization of LPS within the outer membrane.
DISCUSSION
In this study, the Thiery staining procedure was applied to several E. coli strains with different LPS structures. The fact that the staining pattern differed with the LPS structure showed that LPS was the molecule responsible for the staining, as previous results indicated (1, 24) . Moreover, our results suggested which part of the LPS reacted. The difference in LPS structure between E. coli K-12 HfrH and E. coli CE1032 is shown in Fig. 1 . When the Thiery procedure was applied to E. coli K-12 HfrH, a dark granular deposit was observed all around the cell; this was not so for E. Ccli CE1032. These facts suggested that one part of the exposed R core must be responsible for the staining.
Once this correlation was established, the Thiery procedure was used to visualize the outer membranes of E. coli cells during autolysis or lysozyme treatment: It is known that the outer membrane and peptidoglycan are associated by covalent and noncovalent linkages (12) . It was speculated that a correlation between peptidoglycan breakdown and the change in LPS distribution must occur. LPS molecules were VOL. 169, 1987 I"N MI`
on January 6, 2018 by guest http://jb.asm.org/ distributed on both sides after autolysis. Under these conditions, peptidoglycan is known to be at least partially degraded (8) . It is noteworthy that this change was greatest during EDTA-induced autolysis, in which peptidoglycan degradation is most extensive (8) . It was less prominent during antibiotic-induced autolysis, which is accompanied by only a limited peptidoglycan breakdown (8) . An intermediate situation was observed with lysozyme-treated cells (8) . After EDTA-induced autolysis, the short stretches of LPS distributed on both sides could be related to places from which peptidoglycan had totally disappeared, as previously reported (8) . A similar change in LPS localization in the outer membrane of Salmonella typhimurium was observed when peptidoglycan was totally digested by lysozyme (15) . Molecules of LPS were detected by immunoelectron microscopy and visualized on both faces of the outer membrane. Moreover, a continuous LPS distribution on both faces was easily discernible in E. coli outer membrane vesicles released into the culture medium and presumably devoid of peptidoglycan material (7, 22) . Also, the in vitro formation of vesicles from outer membrane somponents resulted in a symmetrical structure when LPS was present (14) .
Instead of a change in the localization of LPS molecules, the removal of peptidoglycan could expose diols that were previously masked. Some LPS molecules would then be localized on the inner side of the outer membrane, and the tight association between peptidoglycan and outer membrane would prevent them from reacting in the Thiery procedure. However, this possibility seemed unlikely, since it was clearly established by different procedures that LPS was only located on the outside of the outer membrane (13) and since the different reagents used in the Thi6ry procedure penetrated cell structures well (19, 25) .
Better insight into the relationship between LPS localization and the association between outer membrane and peptidoglycan would come from the study of a lipoproteindeficient mutant (6); another way would be to make vesicles with outer membrane constituents and lipoprotein-bearing peptidoglycan (27) and to observe by Thiery staining whether LPS is localized on the outer side or on both sides of the outer membrane.
After 30 min of antibiotic action, a faint granulation that appeared in the cytoplasmic membrane could be interpreted as the presence of polysaccharides which could react with Thiery reagents after peptidoglycan degradation. These polysaccharides could be in part LPS, since the cytoplasmic membrane was shown to be a site of LPS biosynthesis (17) . LPS was previously localized in the cytoplasmic membrane by use of ferritin-conjugated antibodies in spheroplasts of S. typhimurium (16) . However, for unknQwn reasons, Thiery staining of the cytoplasmic membrane was not observed with intact cells, lysozyme-treated cells, or EDTA-treated cells.
